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In this paper, the substitution mechanism of rooted aquatic plants (as eelgrass) with ﬂoating species (as
Ulva r.) in lagoons are inquired by using a eutrophication model.
The simulations carried out for the speciﬁc case of the Lagoon of Tortolı`, in Sardinia (Italy), demon-
strate the determinant role played by the increase of external phosphorous loads in the vegetal species selec-
tion and oﬀer a possible explanation of the selection mechanism.
Once the maximum accumulation capability of adsorbed phosphorous in sediments is reached, the rate
of external phosphorous loads produces an increment in the dissolved phosphorous in the water column;
such an increment favours the growth of ﬂoating species which inhibit, mainly due to light competition
eﬀect, the growth of rooted plants.
In the paper, the serious consequences of such a selection in terms of eutrophication processes and vul-
nerability of anoxic crises are emphasised.
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One of the most evident eﬀects of eutrophication in coastal lagoons is the change, in the long run,
in vegetable species with reduction of diversity and prevalence of infesting species; such change is
also accompanied by an increase of the summer water anoxia vulnerability of the lagoons.
Recent investigations have shown that a strong correlation exists between the lagoon eutrophi-
cation levels, vulnerability to water anoxia and type of dominant vegetable species [1]. Speciﬁcally,
Izzo and Signorini [1] have found, analysing the data of a great number of Italian lagoons, that
coastal lagoons having lower eutrophication levels are mainly colonised by rooted species (as eel-
grass), while in highly eutrophic environments diﬀerent ﬂoating species, from macroalgae to mic-
roalgae, are dominant.
Among the rooted species the eelgrass (Zostera marina L.) is the most diﬀused and important.
Eelgrass (Zostera marina L.) is, in fact, a widespread submerged macrophyte growing in coastal
areas from Alaska to the Mediterranean Sea. Eelgrass is considered to be a very important species
in marine ecosystems. Eelgrass meadows serve as nursery grounds for ﬁsh and hiding areas for
many aquatic species. It is an indicator for good water conditions as it demands clear water to
grow in.
Increasing eutrophication has caused increased growth of epiphytes on eelgrass in many coastal
area and lagoons, leading to a severe suppression of the natural extension of eelgrass, mainly
reducing their extension depth from several meters to 1–2 m. Literature reports a lot of examples
of eelgrass suppression and substitution with other kind of macroalgae: in the shallow areas
around the island of Masnedo (Denmark) [2,3]; in the North lake of Tunis [4]; in the Lagoon
of Venice [5–9]. In the last case studied in the eighties, macroalgae communities have progressively
substituted eelgrass and invaded a large portion of the Venice lagoon, with levels of primary pro-
ductivity (ranging from 1 to 8.3 mg C/gr dw) for the dominant species Ulva rigida. Production
was high from early Spring to late Autumn, and the biomass density reached peaks up to about
20 kg/mq. Anoxic crises, followed by a consistent release of hydrogen sulphide, was likely to
occur, especially during the summer, under particular hydrodynamic and climatic conditions.
Even if it is evident that the specie substitution is a consequence of eutrophication, an detailed
explanation of the sequence of the processes leading to substitution of eelgrass with ﬂoating algae
(as Ulva r.) is far to be clariﬁed. It is reasonable to think that such species substitution depends
also on the diﬀerent physiology of the vegetal species.
The more evident diﬀerences between rooted (as eelgrass) and ﬂoating vegetal species concern
• the nutrient assimilation modalities;
• life cycle and organic carbon detritus production.
By and large, the diﬀerences between the two vegetal species can be evidenced: rooted plants
assimilate phosphorous mainly by root-rhizomes from the interstitial water of the sediment
[10–13]; while ﬂoating species assimilates dissolved phosphorous in the water column. Also the
production of organic detritus is diﬀerent between the two species. In the case of rooted plants
the organic detritus is produced at the end of the life cycle, in Autumn, when leaves fall down,
while ﬂoating species have a more rapid turn over and therefore the organic production is more
uniform during the life cycle (from the end of winter to Autumn).
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diﬀerence; furthermore also the possibility to obtain an understanding of this mechanism by
means of ﬁeld data is made complex, because the practical impossibility to have quantitative
and qualitative measurements to describe in detail the lagoon trophic evolution in the long run.
For this reason, in this paper the mechanism of substitution of rooted aquatic plants (as Zos-
tera) with ﬂoating species (as Ulva) in lagoons are inquired by using a eutrophication model. The
model is described in detail in [14], where it was applied to assess the eﬀect of diﬀerent manage-
ment strategies for the control of eutrophication processes in Fogliano lagoon. However a brief
description of the model will be carried out in Section 2.
In this paper the model is applied to the real study case of a lagoon in Sardinia (lagoon of Tor-
tolı`), which actually presents a very good trophic state, highly stable, as the extended presence of
Zostera marina shows.
The original goal of the study was that to verify the eﬀects of an external nutrient increment
load on the trophic state of the lagoon in order to increase ﬁshing productivity.
In the course of the study, carried out by model, some aspects concerning the mechanisms of
species selection came to the light. Since we believe that such a subject is still far from having a
thorough explanation, the paper is mainly focused on the discussion of these mechanisms.
The simulations carried out for the speciﬁc case of Lagoon of Tortolı` in Sardinia (Italy), dem-
onstrate the determinant role of the increase of the external phosphorous loads in the vegetal spe-
cies selection and oﬀer a possible explanation for the selection mechanism.
Once the maximum accumulation capability of adsorbed phosphorous in sediments is reached,
the rate of phosphorous external loads produces an increment in the dissolved phosphorous in the
water column; such an increment favours the growth of ﬂoating species which inhibit, mainly due
to the light competition eﬀect, the growth of rooted plants.
This paper emphasises the serious consequences of such a selection in terms of eutrophication
processes and anoxic crises vulnerability.2. Model description
The model used in this paper to analyse the mechanism of vegetal species substitution is fun-
damentally that developed by Cioﬃ e Gallerano (2001), described in detail in [14, Section 3,
pp. 395–403]. In [14] each physical, chemical and biological process, represented in the model
and aﬀecting eutrophication of lagoons is discussed in detail on the basis of the current literature.
Here, for brevity, we only summarise the main features of such a model underlining its main ele-
ments of quality.
As it was stressed in [14], the entire construction of the model is based on the observation, de-
duced by the analyses of ﬁeld measurements carried out in numerous lagoons, that there is a strong
and complicate cause-eﬀect link between eutrophication trend on the long run and instantaneous
conditions leading to summer water anoxia. In fact, growth of high quantity of aquatic vegetation
(as a consequence of eutrophication) and summer anoxia, have a mutual relation, because high
quantities of vegetation produce proportional organic detritus quantities which accumulates into
sediments; the aerobic mineralisation of organic detritus in sediments induces considerable dis-
solved oxygen consumption; if the oxygen ﬂows from the atmosphere to water column and to sed-
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ditions) are not suﬃcient to compensate the mineralisation consumption of dissolved oxygen, an-
oxic conditions are reached in sediments. In such conditions both adsorbed phosphorous and
hydrogen sulphide are release into the water column. The ﬁrst produces an increase in orthophos-
phate concentration in water which stimulates the further vegetal growth (worsening the eutrophi-
cation conditions), while the second, due to the re-oxidation of hydrogen sulphide, accelerates the
dissolved oxygen consumption into the water column leading to water anoxia.
The described phenomena, aﬀecting the eutrophication trend on the long term of a lagoon, de-
pend on both the hydrodynamic behaviour of water body (due to lagoon morphology, and to en-
tity of the forcing factors tide and wind), and the characteristics of the dominant vegetal species
into the lagoon: life cycle, organic detritus production and nutrient uptake.
The model is constructed in such a way to simulate the eutrophication phenomena on a long
run (a decade or more), without giving up to the necessity to capture the instantaneous condition
leading to water anoxia. For these reasons in the construction of the model the following points
have been taken into account
• the unsteady character of eutrophication processes and the diﬀerent time scales of the phenom-
ena responsible for eutrophication: multiyear (nutrient from input sources and climate change
on long term scale), yearly (vegetal biomass life cycles and seasonal metereological variations
on medium term scale), daily (organic matter mineralization, metabolic processes, photosynthe-
sis and respiration), daily metereological variation (tides, wind);
• the eﬀects on eutrophication phenomena of the lagoon hydrodynamism produced by external
inﬂuences (wind, tide), with particular attention to the quantiﬁcation of both convective and
turbulent transport;
• the role of sediments as sink of oxygen, sink and source of nutrients, and source of hydrogen
sulphate (H2S);
• the eﬀect on the eutrophication of the characteristic of the aquatic vegetal species due to the
diﬀerent modality of organic detritus production and of nutrient uptake;
• the necessity to perform simulations to encompass a period long enough for the lagoon to
respond completely to the diﬀerent external conditions imposed;
• the necessity to construct a feasible and ﬂexible tool which must not be too much onerous from
point of view of calculation time and computer memory.
The model, whose sketch is shown in Fig. 1, has two coupled modules: an hydrodynamic mod-
ule and water quality module.
In order to reduce the dimensionality of the equations of hydrodynamic module and substan-
tially facilitate their solution, the conservation of mass and momentum equation are vertically
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Fig. 1. Sketch of the model.
14 F. Cioﬃ, F. Gallerano / Applied Mathematical Modelling 30 (2006) 10–37oV
ot
þ oHUV
ox
þ oHV
2
oy
 fU ¼ g og
oy
þ 1
q
ssy þ sby
 þ o
ox
mtH
oV
ox
 
þ o
oy
mtH
oV
oy
 
x
; ð3Þin which U, V are the vertically averaged velocities in the x and y directions respectively, f the
Coriolis parameter, g the free surface elevation, H the total water depth, and sb and ss are, respec-
tively, the bottom and the surface stresses with the subscript indicating the direction. The surface
and the bottom stresses are approximated by quadratic formulations in the forcing velocity with a
drag and Chezy/Manning coeﬃcient, respectively.
Then the hydrodynamic ﬁelds are simulated by solving the two-dimensional vertically average
equations. This approach in the case of shallow water lagoon is generally accepted for the simu-
lation of tidal ﬂows; further Hunter and Hearn [15] have demonstrated that -for natural bathyme-
tries and typical values of bottom drag coeﬃcients—this approach can be reasonably followed to
simulate the total circulation in the lagoon, also in the case of wind driven ﬂows, being in the most
cases the lateral circulation dominant with respect to overturning (vertically varying) circulation.
Due to the importance of turbulent velocity ﬂuctuations into the water column which aﬀect the
mass transport phenomena of species, the two-dimensional hydrodynamic module contains a tur-
bulence model for the calculation of turbulent viscosity coeﬃcient.
The turbulent model is described by the following equations:vt ¼ CmK
2
e
; ð4Þ
e ¼ CdK
3=2
L0
; ð5Þ
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þ e ¼ 0; ð6Þin which K is the turbulent kinetic energy per unit volume of velocity ﬂuctuations in the ﬂow, e the
turbulent energy dissipation rate, Cm and Cd the constants and L0 is a speciﬁc dissipation length
scale as reported in [16].
In Eq. (6) it is assumed that the horizontal transport terms are less signiﬁcant than those along
the vertical and that the production of K, represented by the third term on the left, is mainly due
to the gradients along the vertical of horizontal velocity components u and v. These gradient may
be related to the horizontal stress components sxz and syz bysxz ¼ qvt ouoz syz ¼ qvt
ov
oz
. ð7ÞIn the hypothesis of quasi-uniform ﬂow a linear vertical distribution of the stresses may
consideredsxz ¼ Sx  q  g  ogox  1
z
H
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;
ð8Þwhere Sx and Sy are the components of wind stress at the free surface of the lagoon, and H the
depth of the water column. The gradients in the second terms on the right-hand side of Eq. (8) are
obtained by solving Eqs. (1)–(3).
Then the hydrodynamic module calculates (in each point of the calculation grid) the depth aver-
aged velocity components and the vertical proﬁle of turbulent viscosity coeﬃcient which consti-
tute the inputs of the water quality module.
The water quality module numerically solves the mass balance equations, in the water column
and into the sediment layer for each biological, chemical or physical specie aﬀecting eutrophica-
tion. In the water column an approach able to represent the three-dimensional character of trans-
port phenomena is considered necessary because the vertical transport of the species—due to
turbulence and settling, and the mass ﬂows of the species through the air–water and water–sedi-
ment interfaces—plays a determinant role in the evolution of eutrophication processes and devel-
opment of summer water anoxia, while the horizontal transport phenomena due to the tidal ﬂows
aﬀect the water exchanges between sea and lagoon and then control the nutrient accumulation
processes in the water body.
In the water quality model the cycling of elements as carbon, nutrients and sulfur in the aquatic
system are represented.
The organic carbon is represented in the following forms:
• vegetal organic carbon;
• particulate organic detritus;
• dissolved organic detritus.
Vegetal organic detritus is distinguished in organic carbon contained in vegetable species
(mainly phytoplankton or ﬂoating macrophytes as Ulva) which utilise dissolved nutrients in the
water column, and in organic carbon contained in species provided with a root apparatus, which
16 F. Cioﬃ, F. Gallerano / Applied Mathematical Modelling 30 (2006) 10–37beneﬁt from the nutrient directly from sediment (Zostera) [10–13]. The vegetal growth, by photo-
synthesis, is controlled by environmental factor—light, temperature, lagoon hydrodynamics—and
by the physiological characteristics of the particular vegetal species.
The mass balance equations for the organic vegetal carbon in the water column are presented in
the form:
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In Eq. (9), on the left-hand side, the convective transport terms appear; the ﬁrst three terms on
the right-hand side represent the mass turbulent transport; the last term, on the right-hand side,
represents the net growth rate of algae (the meaning of symbols is reported in Appendix A). The
algae growth is limited by water orthophosphate concentration, light and temperature. In Eq. (9)
fa(Po), fm(I), fal(T) indicate the limiting factors, ral the respiration rate, and Kdal , Kpal are, respec-
tively, the particulate and dissolved detritus production rates.
In the simulation of Zostera growth phenomena, an approach similar to that proposed in [14] is
used; it is assumed that the main nutrient contribution to the vegetation growth of Zostera is pro-
vided by roots. This hypothesis, in the speciﬁc case of the goal of this paper is particularly useful
because it allows to distinguish clearly between the ﬂoating algae and the rooted plants and thus
to analyse the interaction between them. The vegetal growth of Zostera is simulated in a process
which starts from the bottom of the water column; then the vegetation extends to the upper layers
of the water column once a maximum (Cmax in Eq. (10), experimentally deduced) vegetal concen-
tration is reached in the lower layers.
In order to represent this growth process the mass balance of the Zostera is expressed in integral
equation form along the water column depth. In Eq. (10) the terms appear to represent the pho-
tosynthetic carbon organic production, the vegetal respiration and the particulate and dissolved
organic carbon production rates. The vegetal growth rate of Zostera is limited by light, temper-
ature and nutrient concentration into the sediments; phosphorous limitation is expressed by
fs(Po,Pads) where Po, Pads are, respectively, the orthophosphate concentration in the sediment
interstitial water and adsorbed phosphorous in the solid phase of sediments. The organic carbon
detritus production (both in dissolved or particulate form) is related to the life cycle of the speciﬁc
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duced during the algae life; for Zostera most of the carbon organic detritus is produced at the
end of the life cycle, in autumn.
The particulate organic detritus present in water column partly settles and accumulates in sed-
iments; the remain part is transformed, by hydrolysis, in dissolved organic detritus in the water
column. The last one is mineralised both in the water column and in sediments by aerobic or
anaerobic (in lagoon mainly sulphate reduction) respiration processes.
The mass balance equations in the water column of particulate and dissolved organic carbon
are presented in the form
Particulate organic carbonoCp
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fmðT Þ  Cm  ld  flðT Þ  f ðCdÞ  f ðO2Þ. ð12ÞIn Eq. (11), besides the turbulent and convective transports, a term representing the settling
(with velocity vs) appears; on the right-hand side in Eq. (11) the fourth term represents the trans-
formation of particulate organic carbon in dissolved carbon, the two following terms are the same
which appear in Eqs. (9) and (10), the last term represents the consumption of dissolved organic
carbon due to aerobic mineralisation.
In sediments the mass balance equations of particulate and dissolved organic carbon are
Particulate organic carbonoCps
ot
¼ Dsp o
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 KpCps. ð13ÞDissolved organic carbonoCds
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 KsCds  ld  flðT Þ  f ðCdsÞ  f ðO2Þ. ð14ÞIn Eq. (13) on the right-hand side the terms appear representing, respectively, the dispersion in
sediments and the transformation of particulate organic carbon in dissolved organic carbon. The
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sediment fraction (1  por) where por is the porosity.
In Eq. (14), which expresses the dissolved organic carbon consumption due to sulphate reduc-
tion in the interstitial water in sediments, on the right-hand side the terms appear representing the
dispersion phenomena, the production by hydrolysis, the organic carbon consumption due to sul-
phate reduction activity and to aerobic mineralisation.
The nutrient simulated in the model is the phosphorus which is represented in the following
forms:
• organic phosphorous contained in vegetal biomass and in organic detritus;
• orthophosphate dissolved in water column and into the sediment interstitial water;
• adsorbed phosphorous in sediments.
In the model the mass balance of organic phosphorous is not explicitly made, because it is as-
sumed that phosphorous is present in the biomass and in detritus in a preﬁxed 1% of organic car-
bon concentration; then the organic phosphorous mass balance is implicitly obtained by detritus
organic carbon (in dissolved and particulate form) and vegetal organic carbon mass balance (Eqs.
(9)–(14)).
The mass balance equation of dissolved orthophosphate in the water column isoP o
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 ralfalðT ÞÞ  Cal. ð15ÞIn Eq. (15) the second last term represents the production of dissolved orthophosphate due to
the aerobic mineralisation of dissolved organic matter, the last term represents the consumption
of orthophosphate due to the uptake of the ﬂoating vegetal species.
The mass balance equation of dissolved orthophosphate in the sediment interstitial water isoP o
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The ﬁrst term on the right side represents the dispersion of orthophosphate in sediments, the
second term the orthophosphate production due to organic matter mineralisation, in aerobic con-
dition (ﬁrst term between brackets) and in anaerobic conditions (due to sulphate reduction activ-
ity). The last term represents the Zostera uptake rate of dissolved orthophosphate and adsorbed
phosphorous. This rate is distributed along the vertical in the sediments in proportion to the
orthophosphate concentration by the function f 0(z).
The third term on the right side of Eq. (16), represents the phosphorous adsorbing-desorption
processes in sediments related to the oxygen concentrations. In such a term the adsorbed phos-
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appear.
The mass balance equation of adsorbed phosphorous, in aerobic conditions, isdP a
dt
¼ KaðP ae  P aÞ  ðlcrm  fsðP 0; P aÞ  fmðIÞ  fmðT Þ  fmðT Þ  rmÞ 
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while the mass balance equation of adsorbed phosphorous, in anaerobic conditions, isdP a
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 f 00ðzÞ ð18Þbeing Pmax the maximum concentration of phosphorous that can be adsorbed in the sediment
solid phase.
The second term on the right side of Eq. (17) represents the Zostera uptake of adsorbed phos-
phorous by roots. The hypothesis is made that roots can utilise directly the adsorbed phosphorous
by enzymatic reactions. Such term is greater than zero when the requirement of phosphorous by
roots is greater than the amount of dissolved phosphorous in the sediment interstitial water. The
fourth term in Eq. (16) represents the adsorbed phosphorous release in dissolved orthophosphate
when anaerobic conditions in sediments are reached; ap is the desorption rate. In such a condition
Eq. (18) holds.
When anaerobic conditions are reached in sediments, the organic matter mineralisation is due
to the sulphide reduction activity with hydrogen sulphide production.
The mass balance equation of hydrogen sulphide in the water column isoH
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 KHOH ð19Þthe last term on the right side of Eq. (19) represents the re-oxidation of hydrogen sulphide.
The mass balance equation of hydrogen sulphide in sediments isoH
ot
¼ Dfs o
2H
oz2
þ a  KsCds  KHOHthe second term on the right represents the hydrogen sulphide production in anaerobic condi-
tions; this term is equal to zero for oxygen concentrations less than 1% of oxygen satura-
tion.
As it has been evidenced above, the oxygen concentration has a great inﬂuence on the trophic
processes: low oxygen concentrations foster, in fact, sulphide reduction activity and phosphorous
diﬀusion from sediments.
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The fourth and ﬁfth terms on the right side represent respectively the net oxygen photosynthetic
production due to ﬂoating vegetal species and Zostera biomass. The sixth term represents the con-
sumption of oxygen for aerobic organic matter mineralisation; the last term the consumption of
dissolved oxygen for re-oxidation of hydrogen sulphide.
The mass balance equation of dissolved oxygen in sediments isoO
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¼ Dfs o
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 b1  lalflðT Þ  f ðCdsÞ  f ðO2Þ  b4  KH  OH . ð21ÞThe second term on the right side represents the consumption of oxygen for organic matter
mineralisation; the last term the oxygen consumption for re-oxidation of hydrogen sulphide.
The following relations, expressing the limiting eﬀect of nutrients, temperature, light and oxy-
gen, take part in Eqs. (9)–(21)faðP oÞ ¼ P o
kpoa þ Po ; f sðP o; P aÞ ¼
P o þ P a
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 e 1 TTmð Þ; f lðT Þ ¼ kðTT lÞtl ;being c calculated by the empirical relation (HR Wallingford Ltd., 1994)c ¼ kc1  ð0.025  Cp þ 0.04Þ þ kc2  Ca þ kc3  Cm.
The meanings of the symbols used in the appearance, transformation and disappearance terms
expressed in Eqs. (9)–(21) are reported in Appendix A.
The boundary conditions which allow the integration of the mass balance equations are
• at the air–water interface: conditions of impenetrability are imposed for the dissolved species,
except for the oxygen and the hydrogen sulphide, for which it is imposedmt
oO
oz
¼ Dmo
Al
 ðOsat  OÞ; De oHoz ¼ 
Dmh
Al
 H ;
F. Cioﬃ, F. Gallerano / Applied Mathematical Modelling 30 (2006) 10–37 21where Dmo and Dmh represent the molecular diﬀusion coeﬃcients of oxygen and hydrogen sul-
phide, Osat the saturation concentration of dissolved oxygen, Al the thickness, variable, of the
resistant ﬁlm at the air–water interface.
• at the water–sediment interface: for the dissolved species the equality of concentrations and
ﬂows is imposed, while for the Cp the absence of re-suspension is imposed. In the sediments
deepest layers the gradients in vertical direction are assumed equal to zero.
The thickness of the resistant ﬁlm Al which appears in boundary conditions at the air water
interface, is obtained on the basis of the results of the work of Komori et al. [17], who, elaborating
a great number of experimental measurements, have shown that the values of KLﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DU sup
p and the
equivalent 1Al
ﬃﬃﬃﬃﬃﬃﬃ
D
U sup
q
(with KL = D/Al) are close to 3.0 (1/m
1/2) and independent of the Reynolds
number. D is the molecular diﬀusivity on the liquid-side (m2/s), KL the liquid-side mass transfer
coeﬃcient (m/s), Usup is the superﬁcial mean velocity in the proximity of the free surface. The lat-
ter is estimated by integrating Eq. (7) with the known value of mt.
The depth averaged motion equations, Eqs. (1)–(3), the mass balance equations, Eqs. (9)–(21),
and the turbulent kinetic energy equation, Eq. (6), are numerically solved by a ﬁnite diﬀer-
ence scheme (alternate direction implicit technique). In order to take into account the three-
dimensional nature of concentration ﬁelds of species, the mass balance equations are solved by
a splitting technique: (a) the term of mass balance equation representing the rate of local variation
in time is splitted in the contribution due to the only convective and turbulent horizontal trans-
port and in that due to the vertical mass transport and the transformation reaction of each spe-
cies; (b) the former contribution is calculated solving depth averaged mass balance equations;
(c) then the calculated rate of local variation in time of the depth averaged concentration is added
to the remaining terms of mass balance equation which is numerically integrated along the
vertical.
For the Lagoon of Tortolı`, which is the speciﬁc case examined in this paper, the equations of
the hydrodynamic model are numerically integrated on a 50 · 50 square regular mesh having a
space step equal to 50 m (see Fig. 12). This allows to obtain a mesh density able to represent with
suﬃcient detail the velocity current ﬁelds inside the lagoon produced by wind and tide. The equa-
tions of the water quality model are solved by the above described splitting technique, on the hor-
izontal using the same mesh of hydrodynamic model; along the depth, the water column is divided
in 12 equally spaced steps, while in the sediment layer 30 steps, 2 mm high, have been used.
Numerical tests have demonstrated that this mesh dimension constitutes a reasonable compromise
between the necessity to obtain a detailed description of the hydrodynamic and concentration
ﬁelds and the necessity to limit the computation time. Because the numerical integration of hydro-
dynamic equations imposes more stringent time step restrictions than the integration of the water
quality model equations, in order to limit the computation time, from a practical point of view,
ﬁrst the hydrodynamic ﬁelds are calculated separately and stored; then they are used as input for
the water quality model, whose equations can be integrated using a larger time step. Numerical
tests have shown that a time step of 300 s can be used for the integration of the water quality
model equations without appreciable eﬀects on the solution. In the examined case in order to sim-
ulate a period of 10 years on a 50 · 50 · 12 mesh, using a table computer (Pentium IV 1800), the
computation time of about 6 h needed.
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The model, brieﬂy presented in the previous paragraph, has been applied to the Lagoon of Tor-
tolı` in Sardinia (Italy) in the location shown in Fig. 2; the goal was to determine the eﬀect of an
increase in the external nutrient loads on the trophic behaviour of the lagoon.
The study was set out in the three following phases:
• analysis on the bases of available ﬁeld measurements of the hydrodynamic and trophic charac-
teristic of the lagoon and calibration of the model;
• simulation by model on long run (10 years) of hydrodynamic and trophic conditions assuming
the actual nutrient external loads;
• simulation by model on long run (10 years) of hydrodynamic and trophic conditions hypoth-
esising an increase in nutrient external loads.
3.1. Site description
The Lagoon of Tortolı` is shown in Fig. 2 and its main morphological parameter are reported in
Table 1.
The depth ranges from a maximum of 4 m, in proximity of Baccasara channel, to a minimum of
1.10 m (see Fig. 4). The lagoon is connected to the sea through two mouths: the ﬁrst is located at
the conﬂuence between Rio Mannu, Baccasara channel (inlet 1 in Fig. 3), the second is south lo-
cated with respect to the ﬁrst at the beginning of Baccasara channel (inlet 2 in Fig. 3). A semi-diur-
nal tide, having a average amplitude equal to 0.30 m, determines the incoming and outgoing tidal
ﬂows through the channels.Fig. 2. Lagoon of Tortolı`.
Table 1
Main morphometrical parameters of the Lagoon of Tortolı`
Area km2 2.9
Catchment area km2 97
Maximum real length km 2.5
Maximum real width km 2.5
Perimeter km 6
Fig. 3. Inlets of the lagoon.
Fig. 4. Bathimetry of the lagoon (m).
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24 F. Cioﬃ, F. Gallerano / Applied Mathematical Modelling 30 (2006) 10–37The maximum tidal ﬂow rate entering the lagoon from the ﬁrst mouth (inlet 1) has been esti-
mated by measurements in 3 m3/s and from the second mouth in 5 m3/s (inlet 2). Beside tidal
ﬂows, the wind blowing over the free surface also inﬂuences the lagoon hydrodynamic. Measure-
ments have shown that the most frequent winds are sea breezes blowing along the north-west
direction and having a maximum speed of about 3–4 m/s. Along the perimeter of the lagoon there
are numerous fresh water inlets, which transport nutrients into the lagoon. The location of the
inlets is shown in Fig. 3. Measurements, carried out by hydrocontrol [18] from March 2000 to
March 2001, have allowed to estimate the yearly average values of fresh water inﬂows and exter-
nal phosphorous loads, which are respectively equal to 0.700 m3/s and 5.5 tons/years of total
phosphorous.
Field measurements of main chemical–physical parameters in three diﬀerent points in the
lagoon, carried out in 2000, have shown that
• the minimum oxygen dissolved, measured at the top and the bottom of the water column,
occurs in summer and it is always greater than 4 mg/l (Fig. 5);
• the maximum water temperature peak is reached in summer and does not exceed 25;
• the dissolved phosphorous concentration in the water column ranges from a maximum value in
winter (0.05 mg/l) and a minimum value in summer (0.01 mg/l).
The ﬁeld observations regarding vegetable species have shown that Zostera, is the rooted spe-
cies which mainly colonised the entire lagoon. The ﬂoating species, as ﬁtoplancton and macroph-
ites, are present in minor quantities. The measured concentration of the diﬀerent vegetal species
versus time are shown in Fig. 6.
On the basis of the ﬁeld measurements available and previously summarised, some conclusions
about the actual trophic state of the lagoon can be drawn. The dominant presence of the Zostera,
the high dissolved oxygen concentration in water column (larger than 4 mg/l) and the low dis-
solved phosphorous concentration are an indication of a low level of eutrophication of the
lagoon.
Since the ﬂushing of nutrients from the lagoon toward the sea is low, as a consequence of the
reduced values of tidal ﬂow rates at the inlets, the observed low eutrophication level of the lagoon
seems therefore to be due, mainly, to the very low external nutrient loads that enter into theFig. 5. Measured dissolved oxygen in the water column.
Fig. 6. Measured quantity of the diﬀerent vegetal species.
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described in the following pages.
3.2. Simulation results for the actual external loads
Before analysing by model the eﬀect of an increase in external phosphorous load on the trophic
state of the lagoon, simulations have were carried out with the actual external loads introduced in
the lagoon. The aim was to reach the parameters of the model which allow to ﬁt, by simulations,
the actual hydrodynamic and eutrophication behaviour of the lagoon. The measured values of
Zostera and ﬂoating algae biomass, dissolved oxygen and orthophosphate concentration in the
water column were taken as a reference. The comparison between the measured and simulated
yearly trend of Zostera concentration is shown in Fig. 7. The parameter values used in the sim-
ulations described in the following are reported in Appendix A.
Hydro-dynamical behaviour of the lagoon induced by tide, in absence and presence of wind was
simulated. A gentle breeze having a peak speed equal to 3.5 m/s, which is the more frequent wind
condition in the lagoon site, was applied.
In Fig. 8 the hydrodynamic ﬁeld produced by a incoming tide is shown, as an example, just to
highlight that the velocities induced by tide, in absence of wind, are appreciable only in the regionsFig. 7. Comparison between the measured and simulated yearly trend of Zostera concentration.
Fig. 8. Hydrodynamic ﬁeld.
Fig. 9. Turbulence ﬁeld.
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gible. This eﬀects is also highlighted in Fig. 9, in which the spatial distribution of turbulent vis-
cosity coeﬃcient corresponding to the previously velocities ﬁeld is shown. Fig. 9 shows that
signiﬁcant turbulent agitation levels occurs, in absence of wind, only in the region of the lagoon
near the mouths connecting the lagoon to the sea.
Despite of the reduced inﬂuence of the tidal ﬂows on the current circulation in the lagoon, sim-
ulations carried out by the eutrophication model, using the measured external nutrient loads, con-
ﬁrm that the trophic level of the lagoon is actually low and particularly stable. The simulations
carried out assuming very critical summer conditions, i.e. a breeze with a 10-day summer stop per-
iod, shows, in fact, that the dissolved oxygen concentrations in the water column, in such a critical
Fig. 10. Dissolved oxygen concentration ﬁeld during the critical summer period.
F. Cioﬃ, F. Gallerano / Applied Mathematical Modelling 30 (2006) 10–37 27period, are greater than 4 mg/l all over the lagoon, as evidenced in Fig. 10 where the dissolved
oxygen concentration at the bottom of the water column is shown.
The particularly stable behaviour of the lagoon from a eutrophication point of view can be
inferred analysing Zostera and ﬂoating algae vegetal cycle in the long run (10 years).
The vegetal rooted and ﬂoating biomass concentrations versus time in the three points of the
lagoon, as indicated in Fig. 12, for a 10-year simulation period are shown in Fig. 11 (right side).
Fig. 11 shows that the yearly trend of vegetal biomass remains about the same in each simulated
year; just a slight change in the trophic state for point 1 in Fig. 12 can be noted due to a very slow
phosphorous accumulation process in the lagoon.
Fig. 11 (right side) and Fig. 13, in which the summer Zostera concentration ﬁeld is also shown,
evidence that Zostera is the dominant species in the lagoon; the ﬂoating algae maximum concen-
tration is in fact remarkably minor than Zostera concentrations.
Such substantially stable behaviour of the lagoon is also highlighted in Fig. 11 (left side), where
the trend versus time of dissolved oxygen concentration, orthophosphate concentration in the
water column and adsorbed phosphorous concentration into the sediments, in the same points
of Fig. 12, are shown. In the ﬁgure it can be observed that for all the examined points the minimum
summer values of dissolved oxygen concentration in the water column, in each point, are higher
than 4 mg/l. The values of orthophosphate concentration in the water column are just able to sus-
tain the moderate growth of the ﬂoating algae observed. It should also be noted that the adsorbed
phosphorous concentration drops to zero in the summer season limiting the growth of Zostera.
3.3. Eﬀect of the increase of the external phosphorus load
In this paragraph, the eﬀect of the increase of the external phosphorous loads is analysed
starting from the actual lagoon state. The hydrodynamic conditions were the same as those de-
scribed in the previous paragraph. Two simulation tests were carried out in which respectively
Fig. 11. (Left side) Dissolved oxygen, in the water column; orthophosphate concentration in the water column;
adsorbed phosphorous into sediments. (Right side) Zostera concentration; ﬂoating species concentration.
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actual one were applied.
The main eﬀect of the external phosphorous load increment (conﬁguration a) can be inferred
from Fig. 14 (right side), in which the Zostera and ﬂoating algae biomass trend versus time for
a 10 year period is shown. The trend is described at the same points of the lagoon in Fig. 12.
In point 1, which is far oﬀ from the mouths, it can be observed a quite explosive growth of ﬂoating
algae with respect to rooted plants starting from the forth year of simulation. In the following
years, the Zostera biomass reduces signiﬁcantly and at the ninth year it is practically and com-
pletely replaced by ﬂoating algae.
In point 1, the trend dissolved oxygen concentration in the water column versus time (shown in
Fig. 14 (left side)) evidences that once ﬂoating algae becomes the dominant vegetal species in the
lagoon, summer minimum dissolved oxygen decreases considerably and water anoxia occurs in
the long run.
The replacement processes of the vegetal biomass are directly related to the trends versus time
of orthophosphate concentration in the water column and adsorbed phosphorous into the sedi-
ments, which are shown in Fig. 14 (left side).
Fig. 13. Zostera concentration ﬁeld.
Fig. 12. Points in which the yearly concentration trend of three simulated species is shown.
F. Cioﬃ, F. Gallerano / Applied Mathematical Modelling 30 (2006) 10–37 29The ﬁgure evidences, as a consequence of the increment of the external load, a progressive in-
crease of adsorbed phosphorous concentration in sediments until it almost reaches the maximum
accumulation capability.
Once such maximum capability is reached, also the concentration phosphorous in the water
column increases favouring ﬂoating species growth. Fig. 14 (left side) shows the presence of sum-
mer peaks of orthophosphate concentration in the water column can be observed starting from
the forth simulation year. It could be worth to observe that the orthophosphate concentration
peaks slightly anticipate the ﬂoating algae concentration peaks in the water column.
Fig. 14. (Left side) Dissolved oxygen, in the water column; orthophosphate concentration in the water column;
adsorbed phosphorous into sediments. (Right side) Zostera concentration; ﬂoating species concentration.
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follow a trend similar to that described above, but the vegetal species replacement occurs more
slowly in time. Furthermore the summer minimum dissolved oxygen concentrations are higher
than those in points 1 because points 2 and 3 are localised nearer the mouths than point 1, thus
the turbulence of the tidal ﬂows allows a better oxygenation of the water column.
The vegetal species substitution does not occur simultaneously in each part of the lagoon, but it
progressively extends to the entire lagoon.
In Figs. 15–17 is shown the spatial distribution of dissolved oxygen concentrations in the water
column in a summer day (6 a.m) of the ﬁfth simulation year, ﬂoating algae and Zostera concen-
trations. It can be observed that the replacement of vegetal species begins in the region far oﬀ the
mouths where the minor eﬀect of tidal ﬂushing, the lower turbulence levels, the higher organic
matter settling and the worst oxygenation conditions of the sediments favour higher orthophos-
Fig. 15. Dissolved oxygen concentration ﬁeld.
Fig. 16. Floating algae concentration ﬁeld.
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lower values of dissolved oxygen can be observed (see Fig. 15).
The eﬀect on the trophic lagoon behaviour of an higher rate of external phosphorous load, as-
sumed equal to 20 times the actual (conﬁguration b), can be inferred observing Fig. 18, in which
the trend in time of the diﬀerent species simulated concentration are reported. In the ﬁgure it is
possible to observe that the complete replacement of the rooted plant with ﬂoating algae occurs
Fig. 17. Zostera concentration ﬁeld.
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loads, the more rapidly the vegetal species substitution processes occur.4. Discussion on the possible substitution mechanisms and consequence of such a substitution in
terms of water anoxia vulnerability
The simulation results described in the previous paragraph allows us
• to advance a possible explanation on the mechanism driving the vegetal specie substitution
from rooted plant to ﬂoating algae in a lagoon;
• to evidence that the main eﬀect of the rooted plant substitution with ﬂoating algae is a major
lagoon vulnerability process with regards to summer water anoxia.
The simulations have shown that
(a) the vegetal species substitution is a direct consequence of the increase of the nutrient external
load discharged into the lagoon. The simulations have, in fact, shown that increasing the
nutrient external load rate accelerates the substitution processes;
(b) the species substitution does not occur immediately after the nutrient load increase but with
a delay corresponding to the time necessary to saturate the capability of sediments to accu-
mulate adsorbed phosphorous;
(c) once the maximum capability to accumulate adsorbed phosphorus is reached in sediments,
the substitution processes do not develop in progressive manner but rather through an evi-
dent discontinuity in time; practically, from a year to another the rooted plants are almost
completely overcome by the ﬂoating species;
Fig. 18. (Left side) Dissolved oxygen, in the water column; orthophosphate concentration in the water column;
adsorbed phosphorous into sediments. (Right side) Zostera concentration; ﬂoating species concentration.
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it progressively extends to the entire lagoon starting from the regions far oﬀ the tidal
channel;
(e) in the regions of the lagoon in which the ﬂoating species have become dominant the summer
water anoxia risk appears considerably higher.
Points (a)–(c) highlight that the driving factor for a change of vegetal species is the increase in
the quantity of phosphorous accumulated in the lagoon. When the ﬂushing of phosphorus due to
tidal ﬂows, is not able to balance the external phosphorous loads, this nutrient accumulates in the
lagoon.
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good oxygenation conditions in the lagoon with low eutrophication level favour this
processes.
Until the maximum quantity of phosphorus that can be adsorbed in the sediment solid phase is
reached, the orthophosphate concentrations in the water column remain low and they constitute a
limiting factor for the growth of ﬂoating algae. In such conditions, rooted plants are the dominant
species in the lagoon because they uptake phosphorous, by enzymatic reactions, directly from
sediments.
As a consequence, once the adsorbed phosphorous saturates the sediments, the dissolved
phosphorous concentrations in the water column increase, allowing the growth of ﬂoating
algae.
The growth in the upper layer of the water column of ﬂoating algae limits the growth of rooted
plants as Zostera; the competition between the two diﬀerent species does not seem to be relative to
the nutrient up-take, it should rather be attributed to the eﬀect of shadowing due to the presence
of ﬂoating algae in the upper layers of the water column, which limits the light penetration in the
deeper layers and thus inhibits the Zostera growth; a suﬃcient quantity of light needs to reach the
bottom of the lagoon to prompt Zostera growth and it is thus evident how, in presence of ﬂoating
algae, the light becomes the limiting factor for the Zostera growth.
The substitution of Zostera with ﬂoating algae is a quite fast process because another factor
contributes to accelerate it. In the introduction it was underlined how the production of organic
detritus is diﬀerent for the two vegetal species, rooted and ﬂoating. In the case of rooted plants the
organic detritus is produced at the end of the life cycle, in Autumn, when leaves fall down; while
ﬂoating species have a more rapid turn-over and therefore the organic production is more uniform
during the life cycle (from the end of winter to Autumn). Therefore, when the ﬂoating algae starts
to have a concentration comparable with that of rooted plants, the cycles of organic matter, phos-
phorous and sulphur are completely altered. More organic detritus is produced by ﬂoating algae,
and more organic detritus settles and accumulates into sediments from the end of winter to the
critical summer season. This determines a major oxygen requirement for the mineralisation of or-
ganic matter and therefore more reducing conditions into sediments, which favour the phospho-
rous release in the water column and therefore the further growth of ﬂoating algae which, in turn,
inhibits Zostera growth.
The above described sequence also explains why, once the species substitution has occurred, the
lagoon presents a greater vulnerability to summer water anoxia: anoxic conditions into sediments,
due to the higher organic detritus quantity accumulated, are more likely to be reached. As a con-
sequence, hydrogen sulphide is produced by anaerobic mineralisation processes (sulphate reduc-
tion); this metabolite spreads in the water column and by re-oxidation accelerates the
consumption of dissolved oxygen until it determines water anoxia in the entire water column.
In point (d) it was underlined that the vegetal species substitution does not occur simulta-
neously in each part of the lagoon, but it progressively extends to the entire lagoon starting from
the regions far oﬀ the tidal channel. Speciﬁcally, the vegetal species substitution ﬁrst occurs in the
regions where the hydrodynamic inﬂuence of tidal ﬂows is minor. These regions present low val-
ues of current velocity and, in absence of wind, low level of turbulent agitation. In these regions is,
therefore, favoured the accumulation of phosphorous into sediments and in the water column
and, as a consequence, the development of ﬂoating algae.
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In this paper, the substitution mechanism of rooted aquatic plants (as for example Zostera)
with ﬂoating species (as Ulva) in Mediterranean lagoons have been studied by using an eutrophi-
cation model. The simulations carried out for the speciﬁc case of Lagoon of Tortolı`, Sardinia
(Italy), have demonstrated the determinant role of the increase of the external phosphorous loads
in the vegetal species selection and oﬀered a possible explanation for the selection mechanism. The
latter can be summarised as follows: once the maximum accumulation capability of adsorbed
phosphorous in sediments is reached, the rate of phosphorous external loads produces an incre-
ment in the dissolved phosphorous present in the water column; such an increment favours the
growth of ﬂoating species which inhibit, mainly due to light competition eﬀect, the growth of
rooted plants.
The simulations have shown that the substitution process is not progressive but it occurs
abruptly. The dominance of ﬂoating algae has serious consequences on eutrophication processes
and summer water anoxia vulnerability of the lagoon. This can be justiﬁed on the bases of the
diﬀerent production ways of organic detritus of ﬂoating algae with respect to rooted plants.
Certainly, the conclusions of this paper do not exhaust the matter concerning vegetal species
selection in lagoons, because it is known that the selection also occurs among the ﬂoating species
depending on the eutrophication level of the water body and a great variety of vegetal species can
be found in lagoons.
Izzo and Signorini [1] have empirically shown that higher eutrophication levels favours vegetal
species with a higher surface/volume ratio (it should be noted that rooted plants, as eelgrass or
Ruppia, have a very low ratio). This seems to suggest that light competition is also, among the
ﬂoating species, the main selection factor, because the photosynthetic activity is certain more eﬃ-
cient in the species with higher surface/volume, especially when the water turbidity is high as it
occurs in highly eutrophical environments.
Because of the considerable complexity of the biological phenomena, the veriﬁcation of such
hypothesis requires more work in modelling the diﬀerent vegetal species. Furthermore it can
not excluded a priori that others factors inﬂuence the vegetal species substitution: for example
a diﬀerent tolerance level of the species to some toxic substance as hydrogen sulphide, which
develops in anoxic condition in the sediments.
However within these limits the simulations carried out reproduce the phenomena of substitu-
tion from rooted (as eelgrass) to ﬂoating vegetal species which has been observed in a great num-
ber of lagoons, and allow to provide a plausible explanation of the substitution mechanism.Appendix A
Meaning of symbols and numerical values of the parameter used in the simulations
Cmax =maximum Zostera concentration (gr C/l) = 100
Dfs; Dsp; Dds =dispersion coeﬃcient in sediments respectively of dissolved species, particulate
organic carbon and dissolved organic carbon (m2/s)=5 · 109, 1 · 1010, 5 · 1010
Dmo; Dmn =molecular diﬀusion coeﬃcient of dissolved oxygen and hydrogen sulphide (m/s)
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fsðP o; P aÞ = PoþP akposþPoþP a nutrient limiting factor into the sediment
f ðO2Þ = OkoþO oxygen limiting factor
f ðCdÞ = CdkdþCd dissolved organic carbon limiting factor
fmðIÞ = IIm  sin pper  ðt  tsÞ
 
 ech light limiting factor
falðT Þ =kðTT alÞtal ; fmðT Þ ¼ TTm  e
1 TTmð Þ; flðT Þ ¼ kðTT lÞtl temperature limiting factors
hs =sediment layer thickness (cm) = 6.0
Ka =adsorbing–desorbing phosphorus rate in sediment (aerobic conditions) (s
1) =
2.5 · 105
Kd =half saturation constant in dissolved organic carbon aerobic mineralisation (mg/l) = 10
Kdal =dissolved organic carbon production rate (from ﬂoating algae) (s
1) = 1 · 107
Kdm =dissolved organic carbon production rate (from Zostera) (s
1) = 1 · 108
KH =re-oxidation rate of hydrogen sulphide (s
1) = 4.2 · 106
Ko =half saturation constant in dissolved oxygen limiting aerobic mineralisation (mg/l) = 0.3
Kpmc;Kpc =ðmg=l PO4 Þ=ðmg=l CmÞ; ðmg=l PO4 Þ=ðmg=l CalÞ ¼ 1%
Kp =rate of transformation particulate organic in dissolved organic carbon (s
1) = 5 · 107
Kpal =particulate organic carbon production rate (from ﬂoating algae Ulva) (s
1) =
2.5 · 108
Kpm =particulate organic carbon production rate (from Zostera) (s
1) = 1.0 · 108
Kpo =half saturation constant for adsorbed and dissolved phosphorus at equilibrium (mg/l) =
0.1
Kpoa =half saturation constant in phosphorus limiting ﬂoating algae growth (mg/l) = 0.1
Kpos =half saturation constant in phosphorus limiting Zostera growth (mg/l) = 0.1
Ks =dissolved organic carbon production rate in anaerobic conditions (s
1) = 2.5 · 107
Kc1; Kc2; Kc3 =extinction light coeﬃcient = 0.6–0.1–0.1
Pmax =maximum adsorbed phosphorus concentration in sediments (mg/l) = 700
por =porosity = 0.8
ral =ﬂoating algae Ulva respiration rate (s
1) = 0.25 · 106
rm =Zostera respiration rate (s
1) = 0.25 · 105
ap =adsorbed phosphorus release rate in sediments in anaerobic conditions (mgP/ls) =
5 · 104
b1; b2; b3; b4 =stochiometric constant
lcral =ﬂoating algae Ulva growth rate (s
1) = 5 · 105
lcrm =Zostera growth rate (s
1) = 0.5 · 104
ld =aerobic mineralisation rate (s
1) = 1.2 · 103
ms =settling velocity of particulate organic carbon (m/s) = 3.5 · 106References
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